Results of studies on the associations of maternal helminth infection and malaria-helminth co-infection on birth outcomes have been mixed. A group of 696 pregnant women from the Kwale district in Kenya were recruited and tested for malaria and helminth infection at delivery. Birthweight was documented for 664 infants. A total of 42.7% of the mothers were infected with Plasmodium falciparum, 30.6% with Schistosoma haematobium, 36.2% with filariasis, 31.5% with hookworm, and 5.9% with Trichuris trichiura; co-infection was present in 46.7%. Low birthweight (LBW) (weight 2,500 grams) was present in 15.4% of the offspring, and 8.3% had a weight z-score 2 SD below the World Health Organization mean. Only gravida, age, and locale had a significant association with LBW. The high prevalence of maternal infection coupled with a higher than expected percentage of LBW highlight a need for further investigation of the association of maternal co-infection with LBW.
INTRODUCTION
The impact on morbidity and mortality of helminth infections has been underestimated, and they continue to represent significant individual and public health problems in much of the developing world. 1 Furthermore, there is growing evidence that co-infection with multiple helminth species as well as with helminths and malaria parasites are the rule in many places with co-infection, resulting in synergistic adverse consequences. [2] [3] [4] Helminth infections with schistosomes, filarial worms and soil-transmitted helminths such as hookworm and Trichuris trichiura, are the cause of common and important neglected tropical diseases.
Certain sub-populations, namely pregnant women and preschool age children, are at a higher risk for neglected tropical diseases. In sub-Saharan Africa and other disease-endemic areas, pregnant women carry a high burden of single helminth infection and of co-infection, or polyparasitism, with multiple helminths or with helminths and malaria. [5] [6] [7] Historically, pregnant women have been left out of many mass drug administration programs in endemic areas because of concern about potential effects of anti-helminthic agents on the developing fetus. 8, 9 Consequently, a woman in these diseaseendemic areas may not receive therapy for years while she is either pregnant or breastfeeding. 8 These chronic helminth infections can thus persist and affect each subsequent pregnancy of an individual woman. 10 The effects of maternal malaria infection during pregnancy on the infant are well defined, and malaria contributes to as much as 20% of low birthweight (LBW) deliveries, 36% of preterm deliveries, and 70% of intrauterine growth retardation in malaria-endemic areas. 11, 12 Furthermore, co-infection with malaria and helminths has been found to be an important factor in adverse birth outcomes. 13, 14 However, studies of helminth infections during pregnancy and of the benefits of treating pregnant women are still few in number and have shown mixed results. 6, 15, 16 The consensus is now shifting to giving pregnant women anti-helminth treatment because of apparent safety after years of inadvertent doses given to women unknowingly pregnant. Lack of adverse outcomes in animal studies, reports from mass campaigns, and a randomized trial in Uganda of ivermectin and albendazole also support treating pregnant women. 9, 10 A study in Nepal, where rates of hookworm infection in pregnant women were high, suggested an improvement in maternal anemia, birthweight, and infant mortality in the group of women receiving albendazole during pregnancy. 15 However, a subsequent randomized controlled trial in Uganda did not find a difference in birth outcomes in pregnant women treated with albendazole or praziquantel. 6 Helminth infection intensities were low, however, and the data suggested a benefit on maternal anemia with albendazole in those women with heavy hookworm infections. 6 A study with mebendazole in Peru showed a reduction in very low birthweight in those receiving anti-helminthic drugs, but not an overall improvement in mean birthweights. 16 Based on these data and others, a Cochrane review demonstrated no definitive benefit of anti-helminth treatment in pregnant women and did not recommend routine use. 17 Given these mixed results and the potential harm of these infections, more data on the effects of helminth infections and particularly, co-infection with malaria on perinatal outcomes are clearly needed. Through a cross-sectional analysis, we aimed to determine if maternal infections and co-infections with malaria, schistosomiasis, filariasis, hookworm, and trichuriasis are associated with low birthweights of term infants in a population in a disease-endemic area on the coast of Kenya.
MATERIALS AND METHODS
Study participants and study design. We applied a crosssectional analysis to a subset of data collected from a cohort of pregnant women and their offspring from the Kwale District in Kenya. The pregnant women were recruited from the antenatal clinic during 2000-2005 at Msambweni District Hospital, Kwale District in Coast Province, Kenya. As described, mothers provided written informed consent for participation in the study and assent for their infants. 18 The antenatal clinic participated *Address correspondence to Jessica K. Fairley, Division of Infectious Diseases, Emory University School of Medicine, Medical Office Tower, 7th Floor, 550 Peachtree Street, NE, Atlanta, GA 30308. E-mail: jessica.fairley@emory.edu in a malaria intermittent preventative treatment protocol with sulfadoxine-pyrimethamine, which was given to women at the beginning of the second and third trimesters. A total of 464 women were tested for human immunodeficiency virus (HIV). Women answered a questionnaire on their education level, household income, and spouse's occupation. Maternal venous blood, cord blood, and placental intervillous blood were collected at the time of delivery. 18 Only infants born at term, defined as a gestational age of 38-42 weeks, were included in this study.
The infection status for malaria, schistosomiasis, filariasis, hookworm, and Trichuris spp. were derived either from the maternal venous blood, stool, or urine samples as described below. Birthweight was documented by the nurse present at delivery to a precision of at least 100 grams.
Laboratory methods. Maternal venous blood was tested for Plasmodium falciparum infection by either light microscopy or real-time quantitative polymerase chain reaction, as described. 18 Stool and urine were collected from the mothers at the time of delivery and were tested for intestinal helminths and Schistosoma ova, respectively. 18 To test for infection with the filarial parasite, Wuchereria bancrofti, night blood samples were tested for circulating microfilariae just before delivery. Alternatively, a circulating antigen assay (Og4C3 antigen detection assay) of maternal venous blood was used to diagnose W. bancrofti infection. Recent exposure to schistosomiasis was also tested by an IgG4 enzyme-linked immunosorbent assay specific for soluble worm antigen preparation. Mothers infected with schistosomiasis or intestinal helminths were treated after delivery, but treatment for filarial infection was deferred. 18 Statistical analysis. To determine the association of individual infections and co-infection on birthweight, we first converted the birthweights into z-scores using Anthro software version 3.0.1, (World Health Organization [WHO], Geneva, Switzerland) and defined low weight-z-score (WZS) as a z-score 2 SD below the WHO mean. We also used the generally accepted term of LBW, which is a weight less than 2,500 grams, as an additional outcome. After initial univariate analysis with a 2 + 2 contingency table, we then applied multivariate logistic regression to determine the effect of infection and other variables on the likelihood of LBW or low WZS. The association of infection (single or multiple) with the other variables was also investigated by using multivariate logistic regression. The regression applied to the relationship between infections and birthweight was adjusted for the following variables: maternal age, socioeconomic status, education level, marital status, gravida, and area of residence. The number of HIV-positive women was low (n = 20), and as a variable, HIV infection was only evaluated with a 2 + 2 contingency table and not included in the multivariate analysis. The odds ratios with 95% confidence intervals (CI) were obtained from the models. A linear model was also performed and mean birthweights were compared based on infection status. Data analysis was performed using the statistical software R 2.13.1 (Vienna, Austria).
Ethical considerations. Approval for this study was obtained from the Kenya Medical Research Institute National Ethical Review Committee and the Institutional Review Board for Human Studies at Case Western Reserve University.
RESULTS
Demographics. Demographic data for the mothers are shown in Table 1 . There were 696 live births, with birthweights documented for 664 offspring. Of these mothers and newborns, 593 mother-baby pairs were included in the statistical analysis (data on age, socioeconomic status, and educational level were missing for 103 mothers). Most women had no more than a primary school education and most had a low-to-medium income (as measured in monthly income in shillings). Most women were married or cohabitating.
Maternal infection. Of the 696 women, 42.7% of the mothers were infected with P. falciparum, 30.6% with S. haematobium, 36.2% with filariasis, 31.5% with hookworm, and 5.9% with T. trichiura ( Figure 1 ). When grouped, 13.2% of the women had P. falciparum alone and 41.1% were infected with one or more helminth without malaria. Helminth-malaria co-infection was present in 29.5% of women and 16.2% had none of the tested infections. The total rate of co-infection with more than one parasitic infection was 46.7%. The HIV prevalence rate in the mothers was 8.4%.
Offspring data. The mean (SD) birthweight for the 664 offspring was 3.06 (0.48) kg, and 8.3% had a low WZS. The distribution of z-scores in the tested newborns was below that considered standard by WHO ( Figure 2 ). The number of children having LBWs was 15.4% when LBW (weight 2.5 kg) was used as a criterion.
Multivariate analysis. Uninfected women showed a higher risk of giving birth to babies with low WZS and LBW (Table 2) based on univariate analysis. The multivariate logistic regression models showed that the individual infections or coinfection with malaria did not increase the risk of LWB or a low WZS (Table 3) . Conversely, infection with helminths was associated with a significantly lower risk for low WZS when grouped as one or more helminths, and for LBW when grouped as single helminth infection. (Table 3 ). When Schistosoma infections were separated according to whether mothers were given a diagnosis on the basis of egg count versus serologic analysis alone, there was no significant association with adverse birthweight measured by WZS or LBW. The numbers were too low to analyze the data according to infection intensity of either Schistosoma infection or filarial infection. Variables, apart from the infections, that were significantly associated with either a low WZS or LBW were first pregnancy and older age ( Table 4 ). With regard to locale, residence in Vanga was a protective factor associated with less LBW ( Table 4 ). The results of the models used to evaluate the effect of social factors on the prevalence of infection are shown in Table 5 . Mothers who lived in Vanga had a higher risk of filariasis and helminth infections (grouped together and not shown in table) but a lower risk of schistosomiasis. Some of the women more than 20 years of age had a lower risk of hookworm infection and malaria-helminth co-infection (Table 5 ). Educa-tion was a significant protective factor against hookworm infection and malaria-helminth co-infection (Table 5 ). Women who were not single had a higher risk of hookworm infection.
When using the linear model, no statistically significant differences were found in mean birthweights across the different infection groups. However, there was a trend towards lower birthweights in the mothers who were co-infected with more than two parasites (Figure 3 ).
DISCUSSION
Prevalence of either or both P. falciparum and helminth infection in our study population was high; only 16% of women were uninfected at the time of delivery. Interestingly, these uninfected women, as a group, had children with lower average birthweights than infected women. When we controlled for income and education level, as well as gravida and maternal age, neither the individual infections nor combination of helminth-malaria infection were associated with LBWs or low WZS in the offspring. Conversely, it appeared that the mothers infected with helminths alone were associated with a higher WZS. As a group, the women without any infection were associated with a lower mean z-score when compared with the other groups and therefore may have impacted the above association of the helminth alone group with higher WZS. Because Vanga residence appeared to be protective for LBW, it was worth looking in greater detail at the attributes of those mothers. Although they had more filarial infection, they had less schistosomiasis, and trended towards less malaria infection. It is possible that either maternal filarial infection has a protective effect on birthweight or the absence of malaria infection positively impacted the birthweight and thus these mothers were represented more in the helminth alone group. Furthermore, this village tended to have more food security and the women could have potentially been better nourished. Otherwise, there were no known factors during recruitment of the women that would explain the trend of lower birthweights in the uninfected group.
The fact that first pregnancy was associated with LBW and low WZS is not surprising because primigravid women are more likely to be affected by malaria infection. 11 However, increased age was associated with lower birthweight, which is harder to explain because younger women are more likely to be primigravid. Although the linear model also did not show significant associations of the infections with birthweight, there was an interesting trend of lower mean birthweights in mothers harboring more than two parasites. A larger study may have uncovered a significant association.
Although the outcome of our analysis did not prove as expected based on past reports, one of the striking results is the high prevalence of infection with polyparasitism in the mothers. [13] [14] [15] These data are consistent with those of recent studies in sub-Saharan Africa. 5, 6 Another important outcome to draw from this data is the high percentage of infants born with LBW and a low WZS. This population of infants had a percentage of LBW of 15.4%, which was well above the average of 11% for Kenya and 8% for the United States per WHO statistics in 1998. 19 Furthermore, these national statistics included premature infants, whereas our study contains only term infants, making these findings even more significant. In terms of study limitations, we did not include other measures of adverse birth outcomes such as preterm deliveries or still births. Assessing these outcomes may have uncovered more effects of helminth infection or co-infection on birthweight. Also, infection was tested only at the time of delivery, and given the high prevalence of infection, it is probable that some of the uninfected women were, in fact, infected at some point during their pregnancy. Other maternal factors not included in this study that may have been confounders include maternal height and smoking status. Furthermore, the numbers were too low to separate high versus low intensity infections for schistosomiasis and filariasis. It is possible that an effect on birthweight may have been found at high intensity infection.
Although there are many factors involved, including unmeasured ones such as the nutritional status of the mother and maternal anemia, it is hard to ignore the high prevalence of malaria and helminth infection in these mothers and the potential effects on the health of the offspring. Maternal anemia in pregnancy is known to have negative effects on mother and fetus, including LBW. 20 With the high prevalence of malaria and helminths that are known to cause anemia, it follows that there would be adverse effects on the pregnancy and perinatal outcomes. 21, 22 Although not consistently found across studies, both hookworm infection and schistosomiasis have been found to be independent risk factors for anemia in pregnancy. [23] [24] [25] A recent study has also shown an adverse effect of T. trichiura infection as well as co-infection with hookworm and T. trichiura on maternal anemia. 26 Maternal hemoglobin may therefore be an appropriate surrogate marker of adverse birth outcomes. In studies one can control for iron supplementation, which may make it easier to detect an impact of the parasitic infections.
In terms of co-infection with malaria and helminths, a study in Ghana demonstrated that co-infection with malaria and intestinal helminths substantially increased the risk of maternal anemia. And in those women with anemia, co-infection was associated with an increased risk of LBW, preterm delivery, and small size for gestational age, which was not completely explained by the presence of malaria infection. 13 Another study in Nigeria showed a high prevalence of malaria infected pregnant women who were co-infected with helminths (45%) and suggested a trend towards lower maternal hemoglobin levels in those co-infected. 14 Apart from maternal anemia and other measures of perinatal health such as birthweight, prematurity, and stillbirths, there are other potential morbidities from helminth infection and polyparasitism on fetuses that warrant attention. These morbidities include maternal and fetal inflammation, potential placental and congenital infection with schistosomiasis, early childhood growth, and early childhood response to vaccine 8, [27] [28] [29] Kurtis and others reported significantly more inflammation in maternal, placental, and cord blood in mothers infected with Schistosoma japonicum as measured by proinflammatory cytokines. This inflammation was associated with a statistically significant lower birthweight. 29 Early childhood susceptibility to infection could also be impacted by maternal infection. This susceptibility has been demonstrated in the cohort reported in this study. Infants sensitized to malaria antigens in utero had higher susceptibility to malaria infection and lower hemoglobin levels. 18 There is also evidence that maternal filarial infection can influence infant susceptibility to filarial infection. 30 This finding may hold true for other helminth infections or co-infections.
In summary, our study with a small group of uninfected women and a high prevalence of infections did not show an effect of the parasitic infections studies on birthweight of term infants. However, our data, along with the other studies discussed, highlight the complexities of investigating this subject and the need for further studies on the impact of helminth infection, and in particular, polyparasitism, on birth outcomes. More studies looking at some of these other markers of morbidity such as maternal anemia, inflammatory cytokines, and response to vaccines along with traditional measures of perinatal outcomes are needed. performing many of the parasitologic examinations and immunologic assays; Grace Mathenge and Christine Lucas for data entry and management; and the women living in the Msambweni District and Vanga for participating in the study.
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